A small-scale membrane plant for treating the domestic wastewater of a four-person household is presented. The membrane bioreactor has been in operation for 6 months and achieves elimination rates of 90, 95 and 80% for total organic carbon, chemical oxygen demand and total nitrogen, respectively. Only a small amount sludge is produced. The permeate is reused for flushing toilets and has a yellowish colour. After investigations of the effluent quality, decolourisation of the permeate, energy efficiency and control strategies in the first year, urine will be treated separately in an automated precipitation reactor where struvite is produced to improve the overall phosphate removal of the plant.
Introduction
The conventional method of treating domestic and industrial wastewater with a central wastewater treatment plant requires long and expensive sewers. Although this system works very well, the costs of building up a whole system from zero are very high. Decentralised and semi-decentralised systems may be an option for sparsely populated areas as well as for fast-growing cities. An advantage of such systems could be the easier handling of resources recycling (water, nutrients and sludge). The statistics ( Figure 1) show that many regions lack a wastewater treatment and sewer infrastructure, either completely or partially.
Small-scale wastewater treatment plants with high purification efficiency such as membrane bioreactors (MBR) are not yet widely used. This may be due to their relatively high costs compared with conventional small-scale wastewater treatment plants (such as septic tanks) as well as new technology and limited experience with small-scale systems. As regulations concerning small-scale wastewater treatment plants do not exist in most countries or do not demand a high-quality effluent, there has so far been no need for more sophisticated systems. However, new regulations or water scarcity and the need to exploit alternative water sources (recycling of treated wastewater) may bring about a change.
The "Aquamin" pilot study run in Switzerland over a period of 3 years investigates the potential of small-scale wastewater treatment plants with a membrane bioreactor combined with urine separation.
Material and methods
The Aquamin project
The Aquamin house project, implemented by EAWAG and the canton of Solothurn, investigates ideas designed to boost sustainability in urban water management. The project goal is to find a new way of treating wastewater, recycling the resources of water, sludge and phosphate on the smallest scale while meeting the same effluent quality standards as conventional WWTPs in Switzerland. A four-person house was equipped with a small-scale wastewater treatment plant in order to treat the wastewater as close to the source as possible. The plant was designed and installed during the summer and autumn of 2004, went into operation at the end of October and has been running since. A family of two adults working 4-5 days a week and two teenagers going to school live in the house (only one youth lived there during the first 4 months). The operation of the plant should not require any extra effort from the inhabitants of the house. Although the plant is connected to the local sewer system for safety reasons, this connection would only be used in case of a major breakdown.
Wastewater treatment plant
The flow scheme of the treatment plant can be seen in Figure 2 . Two stages of its operation will be investigated. During the first year, all the wastewater flows directly into the membrane reactor, which is divided into two separate tanks. The first tank is used as a primary clarifier with a constant water level. To prevent shortcut flows, a baffle is installed in the middle of the tank with an opening at its base. Intermittent aeration creates some turbulence and injects oxygen to reduce anaerobic conditions and the production of malodorous substances. The second tank is the core unit of the treatment plant, an activated sludge tank with a submerged plate membrane. The membrane has an area of 4 m 2 , the pores are 0.04 mm in size (Table 1) . Fouling is prevented by coarsebubble aeration, and the oxygen input for the biological processes is secured by finebubble aeration. The two aeration systems are independent of each other. Permeate is withdrawn with intermittent control by the maximum and minimum water levels. Activated sludge can be pumped into the first reactor or removed from the system by pumping it into a filter bag where it is statically dewatered and air-dried. Permeate is stored in an outside tank and reused for flushing toilets and irrigating gardens. By recycling the wastewater, freshwater consumption can be reduced by 33%, which corresponds well to the expected value of 30-40% obtained by SVGW (SVGW, 2002) . Freshwater consumption can even be greatly reduced if the treated wastewater is stored for irrigation in regions with dry summers (e.g. eastern Europe). A urine treatment reactor will be installed in the second stage. Urine is separated in NoMix toilets (Roediger GmbH, Duesseldorf, Germany) and can be stored. The urine reactor is operated in batch mode, and struvite (MgNH 4 PO 4 p 6 H 2 O) is precipitated by addition of MgO (Udert et al., 2003) . Ammonium-rich and phosphate-poor effluent is passed from the urine reactor to the membrane bioreactor for further treatment. During the first phase, ideal operation conditions for the urine reactor are tested at EAWAG.
Measurements
All samples were analysed by the cantonal laboratory of Solothurn. COD, total phosphorus and phosphate were analysed with test tubes (Hach Lange GmbH, Hanau, Germany: COD: LCK 514, LCK 914, TP, PO 4 -P: LCK 350). Grab samples (1 l) were taken from the influent and the effluent of the membrane bioreactor, transported to the laboratory and analysed within hours. No samples could be taken from the influent to the primary clarifier, as raw wastewater flow cannot be measured and a sampling device would clog due to coarse material in the sewage. WTW devices of the 700 IQ series (WTW GmbH, Weilheim, Germany) are used for online measurements in the membrane bioreactor (oxygen: Trioxmatic; ammonium: Ammolyt; pH, redox potential, temperature: Sensolyt; conductivity: TetraCon). There are several accepted methods for measuring the colour of a sample. According to ISO 7887, Section 3 (ISO, 1994), it is measured by spectroscopy at three different wavelengths (436, 525, 620 nm) . The American Public Health Association (APHA, 1995) proposes a similar approach, namely analysis of a broad wavelength band. We chose the ISO approach because it is easy to perform, whereas an APHA analysis is very sensitive because the colour of the permeate is not very intense. Whole spectra (200 -900 nm) were also used. Absorption spectra were analysed with a Varian Cary 50 UV-visible spectrometer.
Results and discussion
Operation of the plant Depending on the aim of the plant, two control strategies for the first tank can be distinguished: 1. Conventional treatment: The first reactor is operated like a normal primary clarifier.
The hydraulic retention time has to be long enough to ensure that particles, which could clog the membrane, can settle. The disadvantage is the formation of a sludge blanket in the primary clarifier, which has to be removed at regular intervals, depending on the storage capacity. The primary sludge is not stabilised and needs further treatment, most likely on a conventional wastewater treatment plant. 2. Advanced treatment: Two differences compared to strategy (1) exist. The first reactor is aerated intermittently and small amounts of activated sludge are recycled. By applying this strategy, anaerobic conditions and the formation of malodorous substances should be reduced. As sedimentation is constrained (due to turbulence caused by the aeration), clogging of the membrane needs to be prevented by installing a sieve. The first reactor would have the function of hydrolysing coarse particulate material, which would be supported by the recycled biomass. With this strategy, a better nutrient removal performance should be obtained, as both denitrification and biological phosphorus removal get more organic substrate than in conventional treatment. Three phases of operation can be distinguished in the first 6 months of operation: During the first 2 months (phase 1), the primary clarifier was operated as a sedimentation tank and adjustments in the aeration system (aeration times) in the membrane chamber were conducted. The permeate and aeration pumps were the source of offensive noise, so tenants requested that the plant be turned off during the night. This was done and an operational break of 7.5 h (no aeration, no permeate removal) was introduced. After 2 months the coarse bubble aeration in the first tank started operation. During the 5 weeks following the second strategy (phase 2), a good effluent quality with improved P-removal was observed, however, due to clogging of the membrane (sieve was not installed yet), and a defective ball valve, we had to return to the conventional treatment (phase 3).
Despite of air-tight reactors and separate ventilation of the plant and the basement, during the second phase odours deriving from the plant could be noticed (due to resuspension of anaerobic primary sludge from the first phase). During the first and third phase, odours were negligible.
Most of the operational problems are put down to minor problems (defective valve). The 3 mm distance between the membrane plates is too low if the primary clarifier does not work perfectly.
Nitrogen removal
Ammonia: Activated sludge from a conventional wastewater treatment plant was filled into the membrane reactor at its start-up. Complete nitrification was observed within a couple of days. As expected after introduction of the night break without aeration, high ammonium concentrations were observed in the morning (by the influent and biomass decay). In order to eliminate organic matter and ammonium, 20 min pre-aeration was introduced before the permeate withdrawal. Model calculations and measurements (Figure 3) show that the ammonium load in the effluent would be 15 -20% higher without pre-aeration.
Total nitrogen: After adjusting the MBR-aeration by reducing the aeration time to only 25%, denitrification increased to 30-40% during the first phase, reaching 60% during the third phase (Table 2 ). Based on the oxygen profile in Figure 3 , nitrogen removal could be optimised by reducing fine bubble aeration during permeate withdrawal. Even higher denitrification rates could be reached by introducing oxygen control, which is only reasonable in larger plants. During the second phase, a better denitrification performance with elimination rates of over 90% was observed. It is not yet clear whether this performance can be reached on a permanent basis. Steady-state conditions did not prevail because the primary sludge blanket from the first phase was resuspended and partly hydrolysed.
Phosphorus removal
No specific phosphate removal process has yet been implemented. So the only process of this kind is incorporation into the biomass, which implies a removal proportional to sludge production. As the increase of the sludge concentration was very low during the first phase (due to high aeration ratios), in the order of magnitude of 10 g COD PE 21 d 21 , a phosphate incorporation of 0.2 g P PE 21 d 21 can be expected (0.02 g P /g COD (Siegrist and Boller, 1999) ). However, the observed phosphate removal was 0.7 g P PE 21 d 21 , which cannot only be due to the physiological P-uptake. Calculations made by Maurer and Boller (1999) imply a chemical precipitation of phosphate as hydroxyapatite (Ca 5 (PO 4 ) 3 OH, HAP), as the dissolved concentrations of calcium (95 mg/l) and pH values (7.4 -7.9) are high. This precipitation process could also be an explanation for the high P content of the sludge (0.03 -0.06 g P g COD 21 , average 0.05 g P g COD 21 ). These questions are currently being investigated further.
During the second phase of operation, phosphate removal rates of 90% were observed (grab samples), which indicates biological phosphate removal. COD values in the influent were high and denitrification was almost complete (temporarily), leading to anaerobic conditions during the night. As already mentioned, the experiment had to be interrupted due to technical problems. Experiments on biological phosphorus removal will be continued after some modifications to the plant scheme. However, even if a phosphate-removing sludge can be cultured, removal of this phosphorus enriched sludge from the system on a regular basis must be ensured.
Sludge production and handling
Sludge production is one of the most important parameters for the operation of the plant. The higher the sludge production, the more often does excess sludge have to be removed, which leads to more work for the owner or operator of the plant (e.g. handling and disposal of the filter bags). Sludge production depends on the sludge age. In our case, the sludge production during the first 3 months was around 30 g TSS d 21 , going up to 100 g TSS d 21 during the second phase, resulting in a sludge yield of 0.16 and 0.19 g COD /g COD,removed . Both values correspond well to the value given by Pollice et al. (2004) , who measured a sludge yield of 0.17 g COD /g COD,removed . Sludge was removed for the first time after 4 months of operation and on a weekly basis since then, when it has remained at a value of 6-8 kg m 23 (variation due to variation of the water level).
The filter bag is placed in a manhole outside the building. The dewatering properties are good, even though temperatures were very low (down to 2 10 8C), dry matter of 10% was measured. Excess water flows back to the membrane unit.
Effluent quality
Besides nitrogen and phosphorus, the total organic carbon (TOC) and chemical oxygen demand (COD) was analysed. These compounds are degraded to 90 and 95%, respectively. The average effluent concentrations of all parameters can be seen in Table 2 . These values can be compared to the effluent of conventional nutrient-removing WWTP, although our wastewater is not diluted by rainwater or extraneous water. The removal rates are also similar to those of larger membrane units.
Permeate colour
Although organic matter is degraded to a high degree and no suspended solids can be detected in the permeate, it shows a yellowish colour (Figure 4a ) which intensified in the course of operation. An activated carbon filter was installed to remove this colour, but its operation is not satisfactory. The colour is only visible when the water level reaches a few centimetres, which is the case in a toilet. It looks as if no flushing took place, although the colour is not the same as urine. We have been unable to identify the substances that cause this colour, but suppose them to be degradation products of the biomass (flavines, polycarboxylates, humic acids). As can be seen from the absorption spectrum (Figure 4a ), a mixture of several substances seems to be responsible for the colouration, as no single peak can be detected. A similar colouration is observed in two MBR pilot plants at EAWAG fed with conventional wastewater. The intensity in our system is much higher, as there is no dilution effect and the permeate is recycled. The colour intensity increased with time, since the plant was started with diluted activated sludge (Figure 4a) .
Several strategies for removing the colour are possible and first experiments at EAWAG showed the removal capacity of chlorination, ozonation and adsorption on activated carbon and granulated ferric hydroxide. Ferric hydroxide is also used for phosphate removal (Genz et al., 2004) . Although the colour represents only an aesthetic problem, if we want to replace fresh water with permeate, coloured water would be an obstacle to acceptance. Figure 4b shows the results of preliminary experiments for colour removal. All examined processes have been successful in reducing colouration in batch experiments. A scale-up for continuous operation with activated carbon and ozone will be investigated.
Research topics
The most important question is: under what conditions is this system (or similar systems) a real alternative to conventional systems. In that context, interest centres on the removal efficiency, energy consumption, operation efforts, nutrient recycling, automatic operation with remote control and economic aspects. However, a whole cluster of research questions needs to be answered: Dynamic modelling: In order to optimise nutrient removal, several control strategies need to be tested. This can be carried out done most easily by dynamic modelling. However, model input information such as influent quantification, flow-scheme characterisation, sludge composition and required online measurements (sensor devices) have to be known to set up a good model. An extended bio-P-model including apatite precipitation will be developed.
Phosphorus removal: In order to meet the same quality standards as conventional WWTP (which is one of the goals of the project), 80 -90% phosphorus elimination must be reached, which means an additional 60-70% P-removal by methods other than P-incorporation. One option is separate urine treatment. However, only around 50% of the phosphate is contained in the urine (Larsen and Gujer, 1996) . Enhanced biological phosphate removal may be another option, but this requires either excess sludge to be removed on a regular basis, or natural chemical precipitation to hydroxyapatite and finally apatite due to increased P-release in extended anaerobic phases. The third possibility is chemical removal by ferric oxide cartridges or precipitation with iron or aluminium salts, but precipitation would increase sludge production and pollute the stabilised sludge with heavy metals. However, the extra sludge production as well as application and handling of these chemicals are all undesirable.
Urine reactor: Operation of a separate reactor for urine treatment makes the plant more complex. The advantage of this reactor is the removal of the phosphate in a reusable form (struvite). Automatic operation conditions for this reactor will be tested before combining it with the MBR.
Trace pollutants: We expect significantly lower loads of heavy metals and organic micropollutants (e.g. PAK, pesticides, flame retardants, corrosion inhibitors) than in the wastewater from combined sewer systems that is polluted by atmospheric precipitation, industrial wastewater, agriculture and traffic runoff. Due to the significantly higher sludge age in the membrane reactor, the degradation of organic micropollutants used in the household (e.g. pharmaceuticals, day care products and detergents) is expected to be improved compared with conventional activated sludge treatment (Siegrist, 2003) and will be investigated for selected pharmaceuticals. We also hope to detect additional removal in the biotope before infiltration by photochemical reactions.
Energy consumption: Energy consumption plays a crucial role in the whole project. Electricity is needed for the coarse-bubble crossflow aeration of the membranes, the finebubble aeration and the permeate pump, as well as for the struvite reactor. Conventional WWTPs need around 5-10 kWh PE 21 a 21 of external electricity for nutrient and COD removal, including reuse of digester gas (Nowak, 2003) . There are no data available on the energy consumption of small-scale membrane bioreactors, the company BUSSE producing small-scale treatment plants specifies a value of 250-300 kWh PE 21 a 21 for their BUSSE-MF- HKA4-system (BUSSE, 2005) .
Permeate: A high-quality permeate has to be continuously supplied. Investigations on permeate quality such as hygienic aspects and decolourisation, will be investigated in the next few months. Further laboratory tests with different adsorbing materials, oxidation processes and hydraulic retention times will be conducted. The aim is to find an effective method with low costs and requiring little maintenance.
Economic factors: As already mentioned, the costs represent one of the most important factors for the spread of this technology. Costs per capita for small and large wastewater collection and treatment systems in Switzerland are 100-450 e PE 21 a 21 and 60-180 e PE 21 a 21 , respectively (BUWAL, 2003) . These costs include the operating costs for the WWTP and the sewer system, as well as planning and investment costs for construction and renewal of the infrastructure. Costs for small-scale treatment plants need to be in the same order of magnitude or even lower, which might be possible in the case of mass production. However, these would allow only an annual service with regeneration of the membranes and require highly reliable automated operation combined optimally with remote maintenance.
Conclusions
The aim of this project is to investigate the practical, environmental, social and economic relevance of a decentralised wastewater treatment system at household level. The first 6 months of operation confirm that the effluent quality of the treatment plant can be compared to a conventional WWTP except for phosphorus. A few operational problems and parameters such as nutrient removal, decolourisation, energy consumption, service and maintenance still need to be investigated in more detail.
From an economical point of view, highly sophisticated decentralised systems are certainly worth installing in rural areas with a sensitive ecology, where long sewer systems are necessary. However, they might also be an alternative for regions with water scarcity, as they can decrease water consumption by 30 -40%. However, an economic optimum for the size of such plants needs to be found. Whether the treatment plant will be installed at household level or in small neighbourhoods, indoors or outdoors, depends on several factors and needs to be investigated.
